Sll  to Z\/-Cf¥ 


Best  Available  Copy 


JARRV  S:  D'E  CKISTdFA.fi'fO 
•JOSEPH  S’.  COHBN 
RR  U  GE-.'S  i ,  C  AD  A.  TF  rrE* 


KAREN  iOSPECKMAN* 

■J  ES  ARMY  RESEARCH  INSTITUTE  OF  ENVIRONMENTAL 

MEDICINE 

NATICK,  MASSACHUSETTS 0*760-5007 


FINAL  REPORT  APRIL  1,938 
‘M  THP  PERIOD  JULY  -987  TO  AUGUST  1987  ^ 

'  '  ■'■"‘■'■■■T  &  fi  >■ 


,  ,  „T  ;L 

\  #Ks  •  .  ,  .  f 


APPROVED  FOE  PUBLl?  14 FLEAS! 


><V<V  ItV-ij  -w 

>  A?-  ■  .  ■/»  .v 

KA 


,V3' m 
m  tet 

.  mLA-4 


DiSTlUBU'TlON  UK!  AN 


Best  Available  Copy 


i 

I 


UNCLASSIFIED 


yj/'-  n-  f  //, 
S/ts-s?-  (S  y  t  //  ' 


i*.  report  security  classification 
Unclassified 

2*.  SECURITY  CLASSIFICATION  AUTHORITY 

2b.  D€ CLASSIFICATION  >  DOWNGRADING  SCHEDULE 

T  k53rm3S3  ORGANIZATION  REPORT  NUMBER(S) 
NATICK /TR-88/003 

C  NAME  OF  PERFORMING  ORGANIZATION  6b. 

U.S.  Army  Natick  RD&E  Center  S" 

6tADo5iMT35r5»«rw>r7»C(j*) 

Natick.  MA  01760-5019 


REPORT  DOCUMENTATION  PAGE 

ION  I  1b  RESTRICTIVE  MARKINGS 


Form  Approved 
0MB  No  0) ’04-0IBS 


6b.  OFFICE  SYMBOL 
(If  epfAkebie) 

STRNC-  ICAS 


I  3  DISTRIBUTION  /AVAILABILITY  of  REFORT 
Approved  for  public  release? 
distribution  unlimited. 

5.  MONITORING  ORGANIZATION  REPORT  MUMBER(S) 


7a.  NAME  Of  MONITORING  ORGANIZATION 


7b  ADDRESS  (City.  State,  and  ZIP  Cock) 


8a.  NAME  OF  FUNOING /SPONSORING 
ORGANIZATION 


8b.  OFFICE  SYMBOL 
(if  tppiitsble) 


I  9.  PROCUREMENT  INSTRUMENT  IDENTIFICATION  NUMBER 


[8c.  ADDRESSfOty,  State,  and  ZIP  Code) 


10  SOURCE  OF  FUNDING  NUMBERS 

PROGRAM  PROJECT 

ELEMENT  NO.  NO. 

63747  D669 


PROJECT 

TASK 

NO 

NO. 

D669 

35 

WORK  UNIT 
ACCESSION  NO. 


11.  TITLE  (Include  Secutrty  Cleat  fketi  on) 

Cooling  Effectiveness  of  a  Hybrid  Microclimate  Garment  (U) 

72.  PERSONAL  AUTHORS)  "  "  -  “  "  '  '  . 

*  * 

Barry  S .  DeCriSv-ofano ,  Joseph  S.  Cohen,  Bruce  S.  Cadarette  Karen  L.  Speckman 

13a  TYPE  OF  REPORT  3b  TIME  COVERED  |14.  DATE  OF  REPORT  (Yeer,  Month! Oey)  |1S  PAGE  COUNT 

Final _ FROM  Jul  67  TO  Aug  87  1988  April  23 


16.  SUPPLEMENTARY  NOTATION 


•U.S.  Arr..y  Research  Institute  of  Environmental  Medicine 


17  COSATI  COOES  _ 


FIELD 


GROUP 


18.  SUBJECT  TERMS  (Continue  on  reverse  it  necessary  and  identify  by  block  number) 

IFE  SUPPORT  SYSTEMS  PORTABLE  EQUIPMENT,  HYBRID  SYSTEM, 
ROTECTIVE  CLOTHING/  ARMY  PERSONNEL,  LIQUID  COOLING  , 

tfrR0GUMAT&  COOL  IKK  PROTOTYPES.  CIRCULATION.  (Cont) 


19.  ABSTRACT  (Continue  on  reverse  if  necessary  and  identity  by  block  number) 


A  prototype  microclimate  cooling  garment  that  would  allow  the  wearer  to  connect  to 
either  an  air-or  a  liquid-cooling  unit  was  tested  and  compared  v.ith  existing  air  and 
liquid  vests.  Five  male  soldiers  wore  the  three  garments  (hybrid,  air.  and  liquid)  on 
different  days  while  walking  on  a  treadmill  sr~TCT3~Trr1's««:bl — |  a ,  g  mi-*  krr^H-,  •  gradejs  i  n  a 
climatically  controlled  environment.  The  chamber  conditions  were  dry  bulb  temperature 
3G°C  (100°F)  ■;  relative  humidity,  20%.  The  exercise  geneiated  a  332-W  (dtt33^Btnr:  hr 
metabolic  rate  The  average  metabolic  rate  (including  rest  periods)  was  287  W# 

The  hybrid  garment,  ir.  either  mode,  performed  as  well  as  the  individual 
air  ana  liquid  garments.  Though  the  hybrid  vest  succeeded  physiological ly .  comfort  and 
fit  problems  were  revealed  that  will  require  major  changes  m  the  next  iteration. 


20  DISTRIBUTION  /  AVAILABILITY  OF  ABSTRACT 
O  UNClASSlf  lEQ/UNUMlTEP  □  SAMI  AS  HPT 


ZU  NAME  OF  RESPONSIBLE  INDIVIDUAL 

Barry  S.  DeCristofano 


OO  Form  1473.  JUN  «6 


121  ABSTRACT  SECURITY  CLASSIFICATION 

Unclassified 


22b  TELEPHONE  (Include  Are#  Code)  22c  OFFICE  SYMBOL 

(508)  6515439  STRNC-ICAS 


Previous  edmora  ere  obsolete 


SlFICATlQN  OF  THIS  pf 


UNCLASSIFIED 


ifi 


Box  18  (Cont) 

AIR  COOLED^, 
WSWFW5- 
VESTS 


i  i 


PREFACE 


This  study  was  conducted  to  evaluate  the  performance  of  a  prototype 
cooling  garment  that  operated  with  either  air  or  liquid  as  the  cooling 
medium.  The  data  gathered  —  cooling  levels,  physiological  responses  and 
human  factors  observations — have  been  analyzed  and  presented  herein  to 
provide  guidance  in  the  design  of  the  next  generation  garment. 

The  research  was  conducted  jointly  by  the  U.S.  Army  Research 
Institute  of  Environmental  Hedicine  (USARIEM)  and  the  U.S-  Army  Natick 
RDIE  Center  (NRDEC),  Program  Element  No.  63747. 

The  authors  wish  to  acknowledge  the  high  level  of  effort  and 
cooperation  displayed  by  the  test  subjects  throughout  the  study. 


Our  thanks  is  also  extended  to  Mr.  II  Young  Kim  for  his  artistic 
contribution. 
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COOLING  EFFECTIVENESS  OF  A  HYBRID  MICROCLIMATE  GARMENT 


INTRODUCTION 


Microclimate  cooling  has  been  introduced  to  the  field  as  standard 
equipment  on  the  M1A1  Abrams  tank.  Other  combat  vehicle  Program  Managers 
are  studying  the  use  of  microclimate  systems,  and  the  trend  appears  to 
favor  the  selection  of  air  as  the  cooling  medium.  Certain  scenarios 
require  a  mounted  soldier  to  leave  the  vehicle  for  an  extended  period  of 
time.  It  is  desired  to  provide  cooling  to  the  soldier  during  this 
period.  Existing  technology  indicates  that  the  use  of  liquid  cooling  for 
dismounted  operations  is  more  viable  than  air  cooling  because,  in  general, 
the  components  are  smaller,  lighter,  and  require  less  power  to  deliver  a 
comparable  cooling  rate.  All  of  these  factors  affect  portability  of  the 
proposed  system.  In  an  effort  to  ease  the  logistical  burdens  of  fielding 
two  different  cooling  garments,  an  attempt  has  been  made  to  combine  an  air 
distribution  system  and  a  liquid  circulation  loop  into  one  garment.  The 
result  is  the  hybrid  microclimate  cooling  garment. 


A  study  was  conducted  to  determine  the  effectiveness  of  the  new 
garment  while  operating  as  either  an  air  distribution  garment  or  a  liquid 
circulation  garment,  with  comparison  to  the  existing  air  and  liquid 
cooling  vests.  Data  gathered  will  form  the  framework  for  generating  the 
next  design  iteration. 


The  Investigation  was  conducted  by  the  U.S.  Army  Research  Institute  of 
Environmental  Medicine  (USARIEM)  and  Natick. 


TEST  DESCRIPTION 


Five  Bale  soldiers  served  as  test  subjects.  All  volunteered  and  were 
allowed  to  terminate  their  participation  at  any  time  if  they  desired. 

Physical  characteristics  of  the  subjects  were  (wean  ♦/-  standard  deviation): 
age,  24.4  ♦/*  5.3  years?  height,  174.6  +/*  3.8  ca;  Mass,  65.9  +/-  12.1  kg; 
body  surface  area,  1.79  +/-  0.16  m*.  Testing  was  conducted  In  Midsummer. 

The  subjects  were  heat  acclimated  for  five  days  prior  to  beginning  the  study. 

Climatic  Conditions. 

The  envlronnent  for  each  session  was  Maintained  at  38°C  (100°F) 
dry  bulb  temperature  and  11.5°C  (53°F)  dew  point  (20%  relative  humidity). 

The  wind  speed  was  1.12  m*s_1  (2.5  Mi’hr’1). 

ttetfltollc  Heat  iPad. 

Each  test  consisted  of  three  rest/work  cycles  (40  Minutes  and  ten 
Minutes,  respectively).  The  subjects  walked  on  a  treadmill  at  1.0  b*s'j 
(2.2  Mi*hr'1),  0%  grade  during  their  work  periods.  The  average, 

Measured  Metabolic  rate  during  exercise  was  332  W  (1133  Btu'hr-1). 

The  overall  Metabolic  rate  (Including  rest)  was  287  W  (980  Btii’hr"1). 

Clothing  and  Equipment. 

The  test  subjects  wore  (in  order,  from  the  skin  outward)  a  T-shirt, 
cooling  vest,  combat  vehicle  crewman  (CVC)  fragmentation  protective  vest, 

CVC  Nooex  coveralls,  chemical/biological  (CB)  overgarment  (pants  and 
jacket),  M- 17  gas  mask,  butyl  rubber  hood,  CB  butyl  rubber  gloves  with 
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cotton  liners,  and  CB  butyl  rubber  overboots.  The  filter  elements  were 


removed  from  the  easts  to  facilitate  breathing. 

toll  m.  foments* 

The  hybrid  elcroclleate  cooling  garment  (Fig.  1)  consisted  of  two 
parallel  circuits,  one  for  air  and  the  other  for  liquid.  Two  layers  of 
polyurethane-coated  nylon,  heat-sealed  Into  panels,  formed  a  continuous 
channel  through  whlcf  a  chilled  liquid  was  circulated.  The  coolant  flowed 
In  series  from  the  front-right  torso  region,  to  the  back,  to  the  front- 
left  torso,  and  then  doubled  back  along  the  opposite  route.  The  concept 
behind  this  layout  was  to  eliminate  a  "cold*  region  at  the  vest  Inlet  and 
a  "hot"  region  at  the  vest  outlet.  Turning  the  flow  channel  back  along  a 
parallel  route  was  to  provide  an  averaged  coolant  temperature  to  the  skin. 
Air  cooling  ms  Introduced  hy  the  Incorporation  of  perforated  tubes 
between  the  straight  portions  of  the  liquid  channel.  Two  tubes  were 
located  over  the  wearer's  chest  and  three  over  the  back. 


Toe  air  garment  used  m$  the  Vest,  Klcrocl Imate  Cooling:  Air,  MSN 
8415-01 -217-5634  (fig.  2).  The  vest  consisted  of  a  Ban i fold  assembly 
Which  split  the  air  entering  the  vest  and  distributed  It  over  the  chest, 
heck,  and  beck.  The  Manifolds  and  hoses  Mere  kept  In  place  by  attachment 
to  an  open-weave,  famex  carrier.  Effectiveness  of  the  vest  had  been 
documented  In  earlier  studies  (1,2).  Air  Mas  silled  to  both  the  air 
vest  and  hybrid-air  vest  at  4.8  V  0.4  L’s"1  (10.1  +/-  0.8  ft3**^"1). 
The  air  mss  at  a  dry  bulb  temperature  of  28.3  +/-  1.4  °C  (82.9  +/-  2.5  °F) 
and  had  a  dew  point  of  15.6  °C  (60.1  °F)  (45*  relative  humidity). 


(»)  (b) 


Figure  2.  Air  ilcrocllmate  cooling  vest. 
(a)  folded  view:  (b)  unfolded  view. 
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The  liquid  cool  Inf  foment  (Fig.  3}  was  constructed  of  pciyureihan®- 
coated  nylon,  but  used  a  diffused,  lass  well-defined  flow  pattern  than  the 
hybrid  gament  (Fig.  4).  Chilled  liquid  entered  at  the  back  of  the  collar 
and  flowed  in  parallel  to  each  side  of  the  chest,  over  the  shoulders  to 
the  lower  back  and  then  up  the  back  to  an  exit  port  located  just  below  the 
collar. 


Co6t1h9  studies  using  this  vest  had  also  been  conducted  prior  to  Its 
selection  for  the  test  (3).  A  10*  percent  propylene  glycol  and 
water  solution  was  circulated  at  a  rate  of  6.3  x  10“3  fs*1  (50  lb^hr”1). 
The  temperature  of  the  coolant  entering  the  vests  was  25.0  ♦/-  0.8  °C 
(77.0  ♦/-  1.4  °F).  The  coolant  flow  rate  and  inlet  temperature  were  the 
same  for  both  the  liquid  and  hybrid-liquid  garments. 


Data  Collection. 

The  coolant  temperatures  at  the  inlet  and  outlet  of  the  liquid  and 
hybrid-liquid  vests  were  measured  by  Type  T  thermocouples  placed  in  the 
flow  streams.  Two  "rooks  Type  6-1110-6  rotameters  were  used  to  monitor 
the  coolant  flow  rates  to  the  garments. 

The  air  and  hybrid-air  vests  were  Instrumented  with  Type  T 
thermocouples  to  measure  the  Inlet  air  dry  bulb  temperature.  Airflow 
rates  were  determined  using  Datametrlcs  Type  1202  flow  meters.  The  dew 
point  temperature  of  the  air  was  set  by  controlling  the  temperature  of  the 
saturated  air  leaving  the  air  supply/conditioning  unit. 

All  thermocouples  and  air  flow  meters  were  connected  to  a  Hewlett- 
Packard  Model  3497A  scanner.  The  voltages  were  fed  to  a  Hewlett-Packard 
Model  9836  CPU  for  conversion  to  temperature  and  flow  rate  values  and 
storage  onto  a  floppy  disk.  Output  from  the  CPU  was  to  a  plotter  and 
printer  (Hewlett-Packard  Models  7470A  and  2631A,  respectively)  to  provide 
real-time  monitoring  of  the  systems. 
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The  rate  of  heat  absorbed  (Q)  by  either  of  the  liquid  cooled 
garments  was  calculated  by  multi plying  the  coolant  flow  rate  (m)  by  the 
heat  capacity  of  the  coolant  (Cp)  and  the  temperature  difference  between 
the  Inlet  and  outlet  of  the  vest  (aT)  (Eq.  1). 


Q  «  m  x  Cp  x  aT 


(1) 


Cp  -  0.96  cal-g'^V1  (0.96  Btu-lb-1-0?"1) 


A  nethod  of  assessing  the  dry  bulb  temperature  and  saturation  level 
of  the  exit  air  which  was  both  reliable  and  unobtrusive  could  not  be 
arranged.  Therefore,  no  direct  measurement  of  the  cooling  rate  achieved 
by  the  air  garments  was  obtained.  After  calculation  of  the  liquid  cooling 
rates,  the  data  was  subjected  to  an  analysis  of  variance  (ANOVA)  and 
Duncan's  multiple  range  test  to  determine  any  significant  differences 
between  the  systems. 

Physiological  measurements  were  made  by  USARIEM.  The  test  was 
terminated  after  150  minutes  or  If  a  subject’s  core  temperature  reached 
39.5°C  (103. 1°F)  or  if  his  heart  rate  exceeded  180  beats  per  minute 
for  more  than  five  minutes  during  or  immediately  following  exercise. 
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RESULTS 


CMlnfl..P*rfpr»anp^ 

There  was  no  significant  difference  between  the  levels  of  heat 
removed  by  the  liquid  and  hybrid-liquid  garments.  The  Measured  values 
were  92.7  ♦/*  10.2  W  (316.5  */-  34.8  Btu*hr_1)  and  84.9  +/-  12.3  W 
(289.8  ♦/-  42.0  Btu’hr"*),  respectively. 

As  explained  In  the  previous  section,  no  direct  measurement  of  the 
heat  removed  by  the  air  garments  was  possible. 

Physiology. 

Comparing  the  liquid  and  hybrid-liquid  garments,  no  significant 
differences  were  found  between  final  core  temperatures,  Tre,  37.7  °C 
(99.9  °F);  change  in  core  temperature,  Tre,  0.77  C°  (1.4  F°);  final 
heart  rate,  HR,  140  b’mln"1;  or  whole  body  sweat  rate,  SR,  14.3  g-mln’1 
(the  reported  means  are  for  the  combined  data  sets). 

Likewise,  no  significant  differences  were  found  for  these  parameters 
when  the  air  and  hybrid-air  garments  were  compared*  Tre,  37.6  °C  (99.7°F); 
Tre,  0.48  C°  (0.86  F°);  HR,  130  b’mln’1;  and  SR,  12.6  g'mln'1  (again, 
the  reported  means  are  for  the  combined  data  sets).  Further  analysis  of 
the  measured  physiological  parameters  may  be  found  In  ref.  4. 
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Subjective  evaluations  by  the  subjects  yielded  a  Bean  value  of  12.2 
(light)  for  their  perceived  level  of  exertion  during  the  exercise  sessions 
(7  ■  very,  very  easy;  19  ■  very,  very  hard)  and  a  thermal  sensation  of  5.2 
(warn;  0.0  ■  unbearably  cold;  8.0  ■  unbearably  hot).  All  subjects  in  all 
tests  were  able  to  complete  the  150  minute  work/rest  regime. 

Human  Factors. 

The  following  shortcomings  in  the  hybrid  vest  were  noted  during  the 
study: 

(1)  the  liquid  umbilical  was  too  short  --  it  was  barely  able  to 
protrude  through  the  outer  layers  of  clothing, 

(2)  the  air  umbilical  got  in  the  way  when  not  being  used, 

(3)  the  garment  did  not  fit  well  at  the  lower  back  due  to  Its 
stiffness  --  proper  contact  In  the  liquid  mode  is  Important, 

(4)  the  garment  was  too  long  --  it  chafed  the  front  of  the  thighs 
on  the  smaller  subjects, 

(5)  the  collar  was  too  high  in  the  back  of  the  neck. 

DISCUSSION 

The  study  showed  the  general  feasibiltly  of  combining  the  two  functions 
of  air  distribution  and  liquid  circulation  into  one  garment.  In  both  inodes, 
the  physiological  data  (and  In  the  case  of  liquid  cooling,  the  heat 
removal  values)  Indicated  the  ability  of  the  hybrid  garment  to  function  as 
effectively  as  the  existing  air  and  liquid  vests  at  the  work  rate  and 
environmental  conditions  chosen. 
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The  next  Iteration  of  the  hybrid  vest  must  Maintain  the  level  of 
performance  demonstrated  in  the  study  while  eliminating  the  comfort  and 
fit  problems  highlighted  in  the  previous  section.  The  present  design  of 
the  hybrid  garment  should  allow  for  the  necessary  alterations  to  be  made 
without  deleterious  Impact  on  performance.  Shortening  the  vest  and 
streamlining  the  collar  can  be  done  with  no  reduction  of  liquid-cooling 
surface  area.  The  liquid  umbilical,  once  lengthened,  should  run  parallel 
to  and  be  attached  to  the  existing  air  umbilical  hose.  The  connectors  for 
each  should  readily  permit  them  to  be  coupled  next  to  each  other.  By 
incorporating  these  engineering  changes  with  information  gathered  by  a 
sizing  study,  a  fieldable  hybrid  garment  design  can  confidently  proceed. 
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1  copy  to: 

DIRECTOR 

HUMAN  ENGINEERING  LABORATORY 

ATTN:  ANCHE-FT 

ABERDEEN  PROVING  GROUND,  MD 

21010 

1  copy  to: 

DEPARTMENT  OF  THE  ARMY 
PROJECT  MANAGER  -  CLOTHING  AND 
INDIVIDUAL  EQUIPMENT 
P.O.  BOX  4206 

H00DBR1DGE ,  VA  22194-4206 

1  copy  to: 

HEADQUARTERS 
DEPARTMENT  OF  THE  ARMY 
OFFICE  FOR  THE  DEPUTY  CHIEF  OF 
STAFF  FOR  RD&A 
WASHINGTON,  D.C.  20310 

1  copy  to: 

COMMANDER 

US  AIR  FORCE  AERONAUTICAL 
SYSTEMS  DIVISION 
WRIGHT -PATTERSON  AFB ,  OH 
45433-6503 

1  copy  to; 

AIR  FORCE  SCHOOL  OF  AEROSPACE 
MEDICINE 
ATTN:  VNC 

BROOKS  AFB,  TX  78235 
1  copy  to: 

NAVAL  AIR  DEVELOPMENT  CENTER 
ATTN:  Hr.  George  Hkydd 
CODE  6023 

WARMINSTER,  PA  18974-5000 

1  copy  to: 

COMMANDER 

US  ARMY  AEROSPACE  RESEARCH 
LABORATORY 

ATTN:  SGRD-VAB-CB,  BOX  577 
FT.  RUCKER,  AL  36352-5000 
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1  copy  to: 

COMMANDER 

US  ARMY  AVSCOM 

ATTN:  ANCPN-ALSE 

4300  600DFELL0W  BLVD 

ST.  LOUIS,  MO  63120-1798 

1  copy  to: 

COMMANDER 

US  ARMY  ARMOR  CENTER 
ATTN:  ATSB-CD-ML 
FT.  KNOX ,  KY  40160 

1  copy  to: 

COMMANDER 

US  ARMY  CHEMICAL  RD&E  CENTER 

ATTN*  AMCm-PPr 

ABERDEEN  PROVING  GROUNDS,  ND 

21010-5423 

1  copy  to: 

OFFICE  OF  THE  UNDERSECRETARY  OF 
DEFENSE  FOR  RESEARCH  AND 
ENGINEERING  (EALS) 

ROOM  3D129,  THE  PENTAGON 
MASHINGTON,  D.C.  20301-3080 

1  copy  to: 

COMMANDER 

NAVAL  AIR  SYSTEMS  COMMAND 
ATTN:  A - 53 1 1 

MASHINGTON,  D.C.  20361-5310 

1  copy  to: 

PRAM  Program  Office 
ATTN:  AFALC/RA  (LT  COL  Fleig) 
Mrl ght-Patterson  AFB,  OH 
45433-5000 

1  copy  to: 

U.S.  Coast  Guard  (GONT-3) 

2100  2nd  Street  3.W. 

Washington,  D.C.  20543-5000 
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